A new mathematical model is proposed based on filtration mechanisms for the prediction of fouling in airlift immersed membrane bioreactors (iMBRs). The cake formation on the membrane surface through constant pressure filtration process in the iMBR was explained by a proposed cake filtration mechanism which assumes that no particle enters the pores when forming the cake layer on the membrane surface. The cake porosity reduction due to diffusion of particles was described by an intermediate blocking mechanism. Experimental study of fouling was also performed in a lab-scale airlift flat-sheet iMBR operating at constant vacuum. The mixed liquor suspended solid (MLSS) concentration was changed within the range of 5000 to 15000 mg/L, while the superficial air velocity was varied between 32 and 128 m 3 /m 2 /h. The presented model includes two parameters, that is, ultimate filtration resistance and initial rate of cake formation. The effect of the MLSS concentration and superficial air velocity on the parameters of the proposed model was studied. The results obtained from the model demonstrated that the ultimate filtration resistance and the initial rate of cake formation are more sensitive to the aeration rate at lower superficial velocities. It was also shown that the ultimate filtration resistance has a linear relation with MLSS concentration. A good agreement exists between the results of the model and the experimental data. The proposed model also showed a better compatibility with the experimental data compared to other fouling models available in the literature.
Introduction
Membrane bioreactor (MBR) is a relatively new technology that is widely used for wastewater treatment [1] [2] [3] . An MBR has many advantages, including high removal rate of chemical oxygen demand (COD), high efficiency of the treatment, high concentration of biomass, reduced demanded area, and sludge production [4] [5] [6] [7] [8] . Fouling is a crucial problem in MBRs which takes place due to the accumulation of particles on the membrane surface. This phenomenon in the immersed membrane bioreactor (iMBR) occurs both internally (pore blocking) and externally (cake formation). Biomass concentration and aeration rate are two important parameters which affect fouling in iMBR systems. Although high concentration of biomass improves the treatment efficiency and reduces the space needed for the treatment process, it leads to a higher fouling rate. On the other hand, high aeration rate decreases the fouling and provides oxygen required by microorganisms.
However, it accounts for more than 70% of the total energy consumption in wastewater treatment plants, especially in MBRs [8] [9] [10] [11] [12] [13] .
Modeling is essential in the design of processes and especially in predicting the performance of a system. Many researchers have offered several models to describe fouling phenomena in the MBR and considered different operating parameters in their model [14] [15] [16] . Lee et al. [17] proposed a simple model based on activated sludge models (ASMs) to predict the total hydraulic resistance in MBRs. However, their model cannot predict the fouling with enough accuracy in the iMBR, and specific experimental verification is necessary for general use of such model [6, 14, 18] . Moreover, it has some shortcomings due to the biological model used in their approach [19] . Therefore, other models such as fractal permeation, empirical hydrodynamic, and resistance in series were introduced by other researchers [20] [21] [22] . The fractal permeation model, presented by Meng et al. [20] , has fewer parameters and was indirectly validated for the prediction of cake permeability. However, this model does not show how operational parameters affect the filtration resistance [14] .
Empirical hydrodynamic models are useful for illustrating hydrodynamic effects on the fouling process [21] . Nevertheless, such models may not be suitable for design and operational purposes [14] . Sectional resistance models are only able to capture general trends and are not appropriate for description of membrane fouling phenomena [14, 22] . Common filtration models divide the total hydraulic resistance, based on Hermia's theory, into cake formation, complete blocking, intermediate blocking, and standard blocking [23] . Cake filtration model is based on the fouling occurring by the deposition of suspended solids on the membrane surface. Pore blockage is divided into three parts: complete pore blockage, intermediate pore blockage, and standard pore blockage which correspond to the portion of particles blocking the pores completely, particles with specific probability to block a pore, and particles deposited inside the pores and reduced the diameter of pores, respectively. Drews et al. [24] studied these models and concluded that none of them can individually properly predict the fouling in an MBR. In addition, they developed the automated mechanism recognition (AMR) by the combination of these models in order to describe the fouling tendency.
In general, fouling is a very complex phenomenon which is affected by several biological and hydrodynamic factors [18, 25] . The mixed liquor suspended solid (MLSS) concentration is expected to be the efficient biochemical parameters on the membrane fouling [26] and the aeration as an operating parameter has a critical role in the formation of cake layer and its architecture [27] . In this study, the effect of MLSS concentration and aeration intensity on fouling in the iMBR was examined. The main objective of this study was to experimentally evaluate the membrane fouling in the iMBR and to theoretically develop a simple model for prediction of membrane fouling at constant pressure operation of iMBR.
Modeling
There exist mechanistic models which calculate filtration resistance in the iMBR sMBR. However, they have not yet been used for process control. Therefore, it can be proposed to develop a new model based on the mechanism of fouling. In the filtration process, Darcy's law describes the relation between permeate flux ( ) and resistance ( ) through the following equation:
Hermia's theory describes the filtration process by [23] 
where * is considered to be the limit value of the permeate flux attained at the steady-state conditions [28] . In the constant pressure filtration process, the flux drastically reduces initially due to the rapid settling of suspended solids on the membrane surface, and a cake layer is formed. In this case, particles do not enter the membrane pores but form a biofilm layer on the membrane surface. The cake filtration model can be obtained by putting = 0 and * = 0 in (2) [28] . Combining (1) and (2) results in the following equation for the cake filtration mechanism:
where is defined as follows when main process mechanism is cake filtration [29] :
in which is an active opening surface of the filtration area and can change with time, while the specific resistance of filtration cake ( ), filtrate density ( ), shape factor of suspended solid ( ), and ratio of the mass of humid cake to dry cake ( ) is constant.
The cake filtration model proposed by Hermia was derived for dead-end filtration condition [30] , and it should be modified for cross-flow filtration systems such as iMBR. In iMBRs, the cake layer, formed on the surface of membrane, develops a dynamic biofilm layer. Its structure changes biologically due to underneath anoxic layer [31] . Also, the penetration of colloids and soluble extracellular polymeric substances (EPS) into the cake layer results in the reduction of the porosity of the biofilm [31, 32] . Thus, in cross-flow models, the constant in (3) should be considered a variable through the filtration process in the iMBR. It can be suggested that a new biofilm layer forms the existing deposited biofilm. Thus, the opening pores on the membrane surface area ( ) change through the filtration process in the iMBR. These changes can be described by the intermediate blocking mechanism. It seems that a new biofilm layer is formed on the existing deposited biofilm. In other words, suspended particles settle on the cellular structure and alter the porosity of the cake layer formed on the membrane surface, leading to a reduction in filtration flux [20] . Therefore, the active surface of filtration decreases linearly with time which is shown by [33] 
where 0 is the area of the membrane surface before the contact of the activated sludge. Also, according to (1),
Combining (3), (4), (5), and (6) results in
According to (7) , if the system operates for a long time, variation of the fouling intensity becomes insignificant, and the permeate flow rate reaches a constant value.
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Equation (7) can be rewritten as
This equation has only two parameters, and ∞ :
The parameter is the initial rate of cake formation; that is,
This value indicates the tendency of the system to form cake on the surface of membrane at the start of filtration. Also, ∞ is the ultimate filtration resistance; that is,
This parameter illustrates the resistance of the formed cake that the system would eventually reach due to membrane fouling.
Experiments
A flat sheet chlorinated polyethylene membrane (KUBOTA Membrane Europe Ltd., Porlock, UK) with an area of 0.11 m 2 and a mean pore size of 0.45 m was used in the experiments. The biomass was from a municipal wastewater treatment plant in west of Tehran, Iran. The experiments were carried out in an airlift iMBR, the schematic of which is shown in Figure 1 . The bioreactor was 55 cm high, 23 cm long, and 21 cm width in which the membrane was submerged. Two baffles were placed at both sides of the membrane with 4 cm distance. The driving force for filtration was created by vacuum. Fouling starts to form on the membrane surface when the flux and the permeability of the membrane begin to decrease at constant pressure filtration condition. The permeate flow rate was measured by a digital balance. MLSS and COD were measured according to standard methods [34] .
In all experiments, the system was fed by a synthetic influent, glucose, ammonium nitrate, and potassium phosphate which are the sources of carbon, nitrogen, and phosphorus, respectively, with a ratio of 100/5/1 for COD/N/P. The COD of feed was 1000 mg/L. During the experiments, temperature, pH, volume of activated sludge in the bioreactor, and transmembrane pressure (TMP) were kept constant as 25 ∘ C, 7.5 ± 0.5, 20 L, and 20-40 kPa, respectively. The tests were carried out at four different aeration intensities (32, 64, 96 , and 128 m 3 /m 2 /hr) and at four MLSS concentrations (5000, 8000, 12000, and 15000 mg/L). The mean hydraulic retention time (HRT) of the system was about 12 hours. The solids retention time (SRT) of the system was infinite. The activated sludge suspensions were acclimatized for two weeks with the same operating conditions of the iMBR. Each test run was performed for analysis of fouling mechanism after two weeks in order to reach the same biological steady state.
Results and Discussion
At the initial steps of operation, the efficiency of removal of COD was 90 ± 2%. Then, this value increased and reached to more than 95% after 30 min of operation, followed by a plateau in the rest of the experiment. The steady-state COD removal efficiency of the iMBR was about 96%. When the cake layer was gradually formed on the membrane surface, the increase in the permeate flux and the decrease in the HRT occurred with the operation time. Therefore, the biomass had more time to remove COD and, consequently, enhanced the removal efficiency. Furthermore, the cake layer acted as a second biological barrier in removing COD. This is in agreement with previous reports which showed that the cake layer can affect COD removal in the iMBR [35] . Figure 2 illustrates application of Hermia's model (2) to different experimental conditions. By assumption that * = 0, the slop of the line of Ln(− / ) against Ln( ) is equal to 3-which specifies the fouling mechanism. This figure shows that is close to zero (from −0.0713 to 0.1289) at the initial steps of the processes in all experiments. Therefore, the cake filtration mechanism is the dominant mechanism at the startup of the processes. However, the governing mechanism changes during the operation. As indicated in (11) , if the system operates for a long time, the variation of the fouling intensity becomes insignificant, and the permeate flow rate reaches a stable value. In all cases, the model was fitted to the experimental data of this work with a correlation coefficient of greater than 0.97. Calculated model parameters for all tests and the corresponding correlation coefficients are listed in Table 1 .
In order to test the ability of the model to predict the fouling intensity, model parameters, ∞ and , were obtained based on the data from the first hour of the experiments. Then, these parameters were used for predicting the fouling in the rest of operation. Figure 3 shows the presented model prediction for the data of this research and other researchers for the iMBR operating at constant TMP using the flat sheet membrane [24, 36] . This figure demonstrates that the proposed model predicts the liquid flux through the membrane at long time as well as short time operation even though they had different operation conditions (such as MLSS, aeration intensity, HRT, and SRT). Therefore, this model can be used for the prediction of biofouling in flatsheet iMBR systems operating at constant TMP. Fouling models based on various mechanisms are shown in Table 2 [23, 24] . Figure 4 demonstrates a comparison between the performances of these models with the model developed in this work. As can be seen in this figure, previous models cannot predict the fouling in the iMBR properly since they are based on the theories that cannot explain the fouling in iMBRs. However, the model developed in this work is Table 2 : Convectional models of fouling [23, 24] . in good agreement with the experimental data. The fitted parameters of the models, shown in Table 2 , were calculated from the data of the first hour of the fouling process. The filtration resistance can be attributed to formation of cake on the membrane surface which is a function of permeate flux as well as time. This function can be described by cake filtration and intermediate blocking filtration mechanisms. The cake initially forms on the surface of the membrane and then reaches the steady-state condition. Initial formation of cake can be defined by , and the steady-state condition can be represented by ∞ .
No. Theory Equation
The constants of the model obtained from the first hours of the filtration can appropriately predict the membrane fouling intensity of flat-sheet iMBRs in the constant pressure processes. The proposed model has two constants, that is, initial rate of cake formation ( ) and ultimate filtration resistance ( ∞ ), related to cake formation and standard blocking mechanisms, respectively. Since the MLSS concentration and the superficial gas velocity are accepted to be the two major operating parameters influencing the membrane fouling, the effect of MLSS concentration and superficial air velocity on the parameters of the proposed model was evaluated. In order to generalize the proposed model, the parameters of the model, ∞ and , were correlated to MLSS concentration and superficial air velocity by the following power law functions:
= 0.1250 × 10 8 0.3513 −0.5970 ,
for which correlation coefficients of 0.9615 and 0.9856, respectively, were obtained by using the linear least squares regression method. Figure 5 illustrates the ultimate filtration resistance ( ∞ ) of the system as a function of MLSS concentration at various aeration intensities, calculated based on (12) . This figure shows that the resistance increases by increasing the MLSS concentration. At low superficial air velocity, the resistance is highly sensitive to the superficial air velocity, while it is not sensitive to the aeration rate at high superficial air velocity. In fact, aeration removes deposited particles on the membrane surface and, consequently, prevents formation of cake. At a constant TMP, by increasing the superficial air velocity the process reaches an equilibrium condition at which increasing the superficial air velocity does not affect cake formation and filtration resistance. It is also observed in Figure 5 that the MLSS concentration has a negligible effect on the ultimate filtration resistance. In fact, when the cake on the surface of the membrane is formed completely, the process reaches the steady-state condition. At such a condition, the driving force (TMP) and resistance force (superficial air velocity) reach equilibrium so that by changing the MLSS concentration, the cake formed on the surface of the membrane does not change significantly. The value of ∞ thus becomes important when the system operates at steady-state condition. Initial rate of cake formation ( ) corresponds to the tendency of fouling of the system. Figure 6 shows the effect of MLSS concentration on the initial rate of cake formation at various aeration intensities, calculated based on (13) . As can be seen in this figure, the initial rate of cake formation increases rapidly by increasing the MLSS concentration. When the MLSS concentration is higher than 10000 mg/L, the initial rate of the increase of cake formation is more significant. This trend may be explained by the fact that the tendency of cake formation increases at high MLSS concentration. In fact, increasing the MLSS concentration increases the aggregation of suspended particles on the membrane surface, thereby causing an increase in the cake formation rate. The initial rate of cake formation decreases sharply by increasing the superficial air velocity at low aeration intensities, while this change is not sensitive to the aeration rate at high aeration intensities. In fact, increase in superficial air velocity causes increment of the shear stress due to higher cross flow rate of fluid on the membrane surface. Shear stress is not a linear function of superficial air velocity; thus, increasing the velocity at high aeration rate has low effect on the shear stress and cake formation. The value of becomes important when the system is to be operated in short periods with frequent washing of the surface of the membrane.
Conclusions
A new model is proposed for the prediction of fouling in the iMBR based on cake formation on the membrane surface through constant pressure filtration process in which the reduction of the cake porosity is explained by intermediate blocking mechanism. The presented model can be applied to the prediction of membrane fouling of flat-sheet iMBRs which operate at constant pressure condition. The model includes two main parameters, that is, the ultimate filtration resistance and the initial rate of cake formation. These parameters were determined by fitting the experimental data of flow rate obtained from the beginning stage of the operation of the iMBR to the model. The value of ∞ indicates the ultimate fouling resistance and is important when the system is to be operated for a long time. The parameter is the initial fouling rate and is important when the system operates at short time and/or the surface of the membrane is washed frequently. The proposed model is in good agreement with other experimental data reported in the literature. This model can predict the fouling properly. It was also shown that the new model performs considerably better in the iMBR than other conventional fouling models at constant filtration pressure. The effect of MLSS concentration and superficial air velocity on the model parameters was studied. It was shown that the sensitivity of ultimate filtration resistance and initial rate of cake formation to the aeration rate at lower superficial velocity is more than that at higher aeration rate. It was also observed that the ultimate filtration resistance has a linear relation with MLSS concentration. By increasing the MLSS concentration, the initial rate of cake formation increases which causes increasing in the tendency of fouling. Future studies are necessary to improve this model to evaluate the effect of other operational parameters such as biological polymeric substances, HRT, and SRT. 
